Introduction {#Sec1}
============

Interoception is defined as "the sense of the physiological condition of the body^[@CR1]^" (p 200). It is a process whereby bottom-up sensory signals from various parts of the body are integrated with top-down cognitive interpretations of these bodily signals^[@CR2]^. Interoception is important since it facilitates the tracking and regulation of one's internal state. This directly contributes to one's sense of self, emotions, empathy, attention, reward processing, and cognitive control^[@CR2]--[@CR9]^. Brain regions associated with interoception have been identified as key neural substrates for mental illness^[@CR10],[@CR11]^. Thus, interoceptive dysfunction and its downstream effects may explain numerous symptoms and disorders of psychopathology, making it important for further study in psychiatry^[@CR7],[@CR12]^.

Interoception is often examined using the heartbeat detection task. This task requires participants to indicate each time they feel their heartbeat. Adults activate the frontal-insula-parietal-anterior cingulate cortex (ACC) neural network when performing heartbeat detection during fMRI^[@CR13]^. Outside the context of heartbeat detection, these regions display dynamic neurodevelopmental changes during childhood and adolescence^[@CR14],[@CR15]^. One study of 1,350 participants demonstrates that children ages six to eleven display intact performance on a behavioral version of the heartbeat detection task^[@CR16]^. How the brain processes interoceptive stimuli in children and adolescents is unknown. The neurobiological and perceptual changes pertaining to interoception that occur during childhood and adolescence may have important implications for psychopathology development and its treatment.

To examine whether we might be able to study the neurobiology underlying interoceptive processing in children and adolescents, for this pilot study, we modified an fMRI task that is commonly used in adults^[@CR17]^ and we administered it to children ages six through seventeen years old. This pilot study is the first, of our knowledge, to attempt to examine the neural basis of heartbeat detection in children and adolescents and it was primarily conducted in order to determine whether it is possible to adapt the heartbeat detection task so that it can be used during fMRI to study interoceptive processing in children. Additionally, we hoped to pilot whether: (1) children and adolescents will display similar findings to adults on the heartbeat detection task^[@CR13]^ and to examine (2) the potential effect of age on activation in brain regions pertaining to interoception in adults.

Results {#Sec2}
=======

Demographic results {#Sec3}
-------------------

Twelve participants signed assent forms and their parents signed consent forms. One participant was unable to complete the scan due to scanner noise intolerance and was excluded from the study. Eleven participants successfully completed the fMRI study. Participants had a mean age of 11.09 years (SD = 3.56; See Table [1](#Tab1){ref-type="table"}).Table 1Participant demographics.AgeSexBMIBaseline HR6m1390.77m1694.27f159410f2496.911f2085.311f2171.511m1572.813f2179.913f2474.516m2180.1117m28N/A

Neuroimaging results {#Sec4}
--------------------

Increased activity was observed in six clusters (Z = 2.3, family wise error P \< 0.05) for the heartbeat \> tone contrast. The first cluster encompassed the left post-central gyrus and medial frontal gyrus, the second cluster included the left occipital gyrus, lingual gyrus, middle temporal gyrus, and the cuneus, while the third cluster encompassed the right inferior parietal lobule, precentral gyrus and the postcentral gyrus. Then, the fourth cluster included the left middle frontal gyrus and the superior frontal gyrus, the fifth cluster included the right middle occipital gyrus, middle temporal gyrus, and the inferior temporal gyrus and then, lastly, the sixth cluster included the left insula and the lentiform nucleus of the putamen. Figure [1](#Fig1){ref-type="fig"} shows mean activation during the heart detection \> tone detection contrast and Table [2](#Tab2){ref-type="table"} presents cluster coordinates (in Talairach space) and the corresponding Broadmann Areas within each cluster. No effects for sex or BMI were detected. For the reverse contrast, tone detection \> heartbeat detection, no significant activation at a cluster-correction of Z = 2.3 and P \< 0.05 was detected for the main analyses or for the age, sex and BMI covariates.Figure 1Activation maps obtained from the heartbeat \> tone detection contrast. The red demonstrates the regions where activation was significantly greater on the heartbeat condition compared to the tone condition across all participants (*N* = 11) at a cluster correction \> 2.3. The blue demonstrates the regions where there was a significant positive relationship between age and greater activation within the heartbeat \> tone detection condition.Table 2Brain regions obtained from the heartbeat \> tone detection contrasts during group level analyses.RegionCluster Size (mm^3^)Peak ZSideBACoordinatesxyzPostcentral Gyrus25645.61L2−52−2646Medical Frontal Gyrus---5.45L6−1−650Middle Occipital Gyrus14644.95L19−37−8314Lingual Gyrus---4.94L19−26−61−1Middle Temporal Gyrus---4.87L19−39−8317Cuneus---4.63L19−24−8432Inferior Parietal Lobule12085.78R4057−3027Precentral Gyrus---5.06R446−1548Postcentral Gyrus---4.93R253−2943Middle Frontal Gyrus8545.91L9−373936Superior Frontal Gyrus---5.71L8−264440Middle Occipital Gyrus5704.62R3738−62−1Middle Temporal Gyrus---4.60R3742−624Inferior Temporal Gyrus---4.15R3746−68−3Insula5414.21L13−42−84Putamen- Lentiform Nuculus---4.16LN/A−2853BA = Brodmann Area. R = right; L = left; B = Bilateral; Brain regions were defined by the Talairach atlas. In regions with more than one cluster of activation, coordinates are listed for the cluster with highest activation. Cluster size in mm^3^ and peak activation are listed only for main clusters; activation is not listed for local maxima regions within clusters. The table shows regions where activation was greater in children and adolescents during the heartbeat detection as compared to the tone detection condition at a \>2.3 cluster correction.

We detected one significant cluster when examining increased age as a covariate of interest during the heartbeat detection \> tone contrast. It included the left medial and middle frontal gyri and the left and right anterior cingulate (ACC). Table [3](#Tab3){ref-type="table"} presents activation and coordinates for the cluster and Fig. [1](#Fig1){ref-type="fig"} presents BOLD activation during the heartbeat detection \> tone detection contrast and BOLD activation during the heartbeat detection \> tone detection contrast that is specifically related to the participant's age.Table 3Brain regions obtained from the heartbeat \> tone detection contrasts while age was included as a covariate during group level analyses.RegionCluster Size (mm^3^)Peak ZSideBACoordinatesxyzMedial Frontal Gyrus17974.97L10−1254−1Anterior Cingulate---4.88R & L3212356Anterior Cingulate---4.67R2410332Middle Frontal Gyrus---4.52L10−840−5BA = Brodmann Area. R = right; L = left; B = Bilateral; Brain regions were defined by the Talairach atlas. In regions with more than one cluster of activation, coordinates are listed for the cluster with highest activation. Cluster size in mm^3^ and peak activation are listed only for main clusters; activation is not listed for local maxima regions within clusters. The table shows regions where activation was related to age and greater in children and adolescents during the heartbeat detection as compared to the tone detection condition at a \>2.3 cluster correction.

Discussion {#Sec5}
==========

This pilot study is the first study, to the best of our knowledge, to intentionally examine interoceptive processing with fMRI in children as young as the age of six. Eleven child and adolescent participants completed the heartbeat detection task during fMRI and were subject to fMRI analyses. As hypothesized, we found that it is possible to examine the neural correlates of interoceptive processing in children and adolescents with fMRI as a result of this pilot study. Children and adolescents appear to activate regions similar to adults during a heartbeat (interoceptive) detection task when this task is contrasted to a tone (exteroceptive) detection condition. Such regions include the left insula, left medial prefrontal cortex, and the bilateral inferior parietal lobule^[@CR13]^. One difference between our findings and those reported in a detailed in meta-analyses of cardioception in adults was the lateralization of insula activation detected in our child participants. Adult findings suggest primary lateralization of insula activation in the right hemisphere, although to this regard the literature reports mixed results^[@CR13]^. Our results indicate left hemispheric insula activation in children. Additionally, the cuneus (overlapping with the temporal parietal junction) and the inferior parietal lobe were also significantly activated during the heartbeat \> tone contrast. These regions are associated with internally directed attention, mentalization, and self-generated thought^[@CR18]^. Thus, children and adolescents activate regions that are associated with focusing internally during interoceptive tasks.

We also found a positive association between age and BOLD activation during interoceptive processing (heartbeat \> tone conditions) within the cingulate cortex (ACC), left and right orbital frontal cortex (OFC), and the left prefrontal cortex (medial and mid-frontal gyrus), suggesting the neurodevelopmental changes occur during interoceptive processing in children. Thus, age related BOLD signal changes may have important implications for the development of interoceptive processing during childhood and adolescence. Developmental theories of interoception suggest distinct stages and critical periods for interoceptive development^[@CR19],[@CR20]^, such as infancy and adolescence. Our preliminary results are consistent with these theories and suggest that interoception is relatively intact in children. However, brain regions consistent with metacognition^[@CR21]--[@CR23]^ continue to develop throughout childhood/adolescence^[@CR24],[@CR25]^ and may impact aspects of interoceptive processing. Separating interoception into separate constructs as suggested by Garfinkel *et al*.^[@CR26]^ may reveal distinct neurodevelopmental trajectories. For example, interoceptive awareness and sensibility may be influenced by the neurodevelopment of brain regions associated with metacognition, such as the ACC and OFC^[@CR26]^. Additionally, numerous interoceptive signals appear to primarily develop during infancy^[@CR27]^ and are influenced by oxytocin^[@CR28]^ and early attachment behaviors^[@CR29],[@CR30]^. Therefore, infancy is also an important period for interoceptive development^[@CR28],[@CR31]^. Such interoceptive signals emphasized in the extant literature include touch, hunger, satiety, and thirst^[@CR19],[@CR27],[@CR32]^.

Moreover, identifying distinct developmental trajectories for interoceptive subtypes could help conceptualize and treat psychiatric symptoms. Psychiatric symptoms -- such as anxiety and panic symptoms- are characterized by dysfunctional metacognitive processing of interoceptive stimuli and are associated with deficits in interoceptive awareness or sensibility^[@CR33]^. However, other functional and psychiatric symptoms -- such as impaired sensory processing in autism - may be associated with deficits in interoceptive sensory processing. Disorders characterized by interoceptive sensory deficits could be influenced by a genetic predisposition or abnormalities may develop during infancy, making them hard wired. As a result, interoceptive sensory processing deficits may not be immutable to change and could require compensatory strategies -rather than interventions- for the management of its deficits. Interoceptive subtypes associated with metacognitive processing deficits such as disturbances in interoceptive awareness/sensibility, however, may develop during adolescence and alongside the development of the ACC and the prefrontal cortex. Recent studies suggest that a key mechanism of change for cognitive behavioral therapy (CBT) is its influence on metacognition^[@CR34]^. Therefore, it is possible that these disorders can, therefore, be effectively treated with CBT interventions that correct inaccurate perceptions of one's internal state.

Interoceptive neurodevelopment may also have important implications for the development of interoceptive prediction. Interoceptive predication suggests that a feedback loop occurs between top-down cortical structures and bottom-up sensory signals. An "error term" is produced, which describes whether an interoceptive signal is or is not congruent with predicted states^[@CR2],[@CR35],[@CR36]^. Since regions involved in top-down influences on interoceptive signals appear to develop rapidly during childhood and throughout puberty, these influences may lead to age differences in the weighting of afferent signals during the interoceptive prediction process. Thus, future studies should investigate whether interoception predictive coding theories consistently apply to all age groups and whether/how they may be impacted by developmental variations.

As previously mentioned, study limitations include our pilot study's small sample size and lack of a longitudinal design. We implemented conservative and accurate mixed effects estimation of brain activation during our fMRI analyses (FLAME 1 & 2), however, to account for the small sample of patients. Nonetheless, future studies with larger samples of children and adolescents should be conducted in order to replicate our fMRI results and interoceptive neurodevelopment should be studied longitudinally.

Another study limitation resides with our choice to examine interoception during fMRI in children and adolescents using the heartbeat detection task^[@CR37]--[@CR39]^. Studies have highlighted limitations in measuring interoceptive accuracy with the tracking and discrimination versions of the heartbeat detection task. Limitations to the behavioral versions of the heartbeat detection tasks include: (1) concerns about the reliability and validity of accuracy score^[@CR37]^ (2) concerns that arousal level could impact task performance, (3) a relationship between task performance and BMI and heartrate^[@CR38]^. Despite limitations associated with the behavioral heartbeat detection task for measuring interoceptive accuracy, these concerns are not applicable to an fMRI version of the task, which probes brain activation during interoceptive processing instead of obtaining comparable accuracy scores. We decided to adapt the heartbeat detection task to assess the neural correlates of interoceptive processing in children since children were likely to successfully complete this task during fMRI, due to their success completing the behavioral task^[@CR16]^. Additionally, it was used since there are few non-invasive alternatives for measuring interoception, because it is commonly used within the fMRI environment in adults and due to the available adult comparison data. Moreover, we choose to adapt this particular version of the fMRI heartbeat detection task since it allows us to assess the interoceptive and exteroceptive processing separately in addition to their interactions.

Studies in adults attempt to address concerns about participant arousal during the heartbeat detection task by administering bolus infusions of isoproterenol^[@CR39]^. Isoproterenol, however, is not currently deemed safe to administer to children and there are no standards for dosing rates in child populations, therefore, making this approach impractical for child populations. Since it is not possible to use isoproterenol to probe arousal in children, we attempted to standardize participant arousal by having participants complete structural and shim scans prior to the functional task. Additionally, to balance our heartbeat and tone detection conditions, however, we delivered tones at a rate that matches the participants' heartrate. Participants were not aware of their resting heart-rates prior to completing this task since this knowledge can influence interoceptive performance^[@CR40]^. Regarding concerns about the cofounding effects of BMI on heartbeat detection task performance, we included it as a covariate within our analyses and found no significant activation associated with BMI during interoceptive processing. Therefore, BMI may have less of an influence on the neural signal associated with interoceptive processing than its role in impacting interoceptive accuracy scores.

It is also important to note that the heartbeat detection task requires attention directed towards and conscious appraisal of one's interoceptive state. Therefore, it is not a "pure measure" of interoceptive signal processing. Future studies should examine whether it is possible to assess interoceptive signal processing without tasks requiring conscious reflection as this could provide a clearer distinction between interoceptive signal processing, awareness and prediction. Additionally, it is unknown whether one interoceptive sense is related to other interoceptive abilities in children. Future studies should examine the relationships between multiple interoceptive senses in children and also whether specific interoceptive senses have unique developmental trajectories during childhood and throughout puberty.

This is the first study, to the best of our knowledge, to directly examine the functional neuroanatomy underlying interoceptive processing in typically developing children and adolescents. We found activation within the left insula, cuneus, parietal and prefrontal regions during interoceptive processing and age variations within ACC, OFC and prefrontal regions. Our neuroimaging results are consistent with previous cardiorespiratory findings in adults, and they support previous behavioral findings that children are can successfully complete interoceptive tasks behaviorally and during fMRI. Overall, our pilot study provides a task that may be used in and could inform the development of larger studies that examine interoception in children. By probing interoceptive circuitry in children, these studies have the potential for further contributing to our understanding of the development and treatment of psychopathology.

Methods {#Sec6}
=======

Recruitment and screening {#Sec7}
-------------------------

Eleven participants, ages 6--17 years, were recruited from the San Francisco Bay Area using flyers, online advertisements, email lists, and a database of individuals who participated in prior studies conducted within our lab. A trained research assistant administered phone screens to interested participants and excluded participants if there was a history of any psychiatric disorders, or significant current or past psychiatric concerns. All screens were reviewed and approved by a licensed psychologist prior to study participation. Additionally, after consenting participants, we administered parent and self-report versions of the Behavior Assessment System for Children (BASC^[@CR41]^) and excluded participants who exhibited t-scores above 59 (one standard deviation) on either the Behavioral Symptoms Index or the Emotional Symptoms Index. We also recorded the participant's heartrate and body mass index (BMI). All procedures were approved by the Institutional Review Board at Stanford University and all methods were performed in accordance with the relevant guidelines and regulations. Informed assent and consent from all participants and parents, respectively, were also obtained prior to study participation.

Procedures {#Sec8}
----------

### Scanner procedures {#Sec9}

All participants were scanned prior to 9 am and completed a mock scan and task training trials prior to entering the fMRI scan suite. The mock scan was completed in order to familiarize participants with the scanner conditions and to train them on minimizing head movements. After the mock scan, all participants completed a training trial where they demonstrated an understanding of the task instructions and were required to successfully complete a trial task prior to being accompanied by the research staff to the 3 T scan suite. During the scan, a scanner safe button box was used to record the participants' responses, bone-conductor pads were used to present auditory stimuli, and a scanner-safe pulse-oximeter recorded the participants' heart rate. Functional stimuli were administered with EPRIME software and were projected onto a mirror that was attached to the fMRI head coil.

### Structural scan {#Sec10}

All participants were scanned at the Stanford Center for Cognitive and Neurobiological Imaging (CNI) and with a GE 3 T MR 750 scanner. We first acquired a T1 structural scan for co-registration of the functional data. The parameters for the T1 scan were: TR = 6.7 ms; TE = 2.9 ms; flip angle = 12°; number time points = 1; number of slices = 180; 1 mm isotropic voxels; FOV = (256, 256); acquisition matrix = (256, 256); phase encode undersample = 0.4; and the slice encode undersample = 1. Participant heartrate was monitored and recorded during the structural scan.

### FMRI task acquisition {#Sec11}

Prior to the functional scans, a higher order shimming protocol was used to correct for B0 heterogeneity and to avoid blurring and signal loss. To compensate for the loss of power resulting from shortening the scan blocks and runs (see below), we implemented a high-resolution eight multiband gradient Echo Planar Imaging (EPI) scanning sequence with whole brain coverage^[@CR42]^. A reverse gradient scan was completed and allowed us to calibrate the separate multiband acquisitions (64 unmuxed slices, 12.8 cm). The parameters for the fMRI multiband EPI data were: 2 mm isotropic voxels; 212 × 212 mm field of view (FOV); 482 timepoints; TE = 30 ms; TR = 720 ms, Flip angle = 54.0°, acquisition matrix = 106 × 106, phase encode undersample = 1, slice encode undersample = 1.

### Heartbeat detection functional MRI task {#Sec12}

To examine interoception in children during fMRI, we modified a mental-tracking version of the heartbeat detection task that was previously used in adults^[@CR17]^ by shortening the lengths of the blocks and the length of the scan runs. Each run totaled 330 s and included 16 s blocks of the following three conditions: heartbeat detection, tone detection and a heartbeat counting/tone inhibition block. The three conditions were pseudorandomized and were presented four times per run. A fixation cross separated the blocks and was displayed for an inter-stimulus-interval of 8--11 s (average 10 s; see Fig. [2](#Fig2){ref-type="fig"}). In the heartbeat condition, participants were asked to press a button every time they felt their heartbeat. For the tone condition, participants were asked to press a button when they heard a tone over the scanner noise. In the inhibition condition, participants were asked to press a button when they felt their heartbeat and were asked to ignore the tone. To match task difficulty to the heartbeat detection condition, tones were detectable but difficult to hear above the scanner noise. We included the inhibition condition in order to create an optional contrasting condition where participants were required to ignore the tones and focus on detecting their heartbeats since the tone condition required the participants to ignore their heartbeats and focus on detecting tones. After completing the task, the participants reported that it was difficult, but possible, to hear the tones over the scanner noise and detect their heartbeats. The tone rate was individually matched to each participant's heart rate (ex. 70 bpm), which was not shared with the participants. They were reminded of task instructions immediately prior to the functional task and while lying on the scanner bed. Participants completed four scan runs in order to ensure that usable data was obtained for each participant. We assessed participant compliance after they finished the task. If a participant reported that they were unable to attend to and complete the task during the scan run, the run was excluded from our final analyses and a compliant scan run from that participant was used. We eliminated scans that were too impacted by motion for successful data unwarping since multiband scanning is highly sensitive to the effects of motion. We also examined FSL's MCFLIRT's relative motion parameter output metrics (estimated mean displacement) prior to analyses and included scan runs with the lowest relative and absolute motion. Overall, the data presented in this manuscript was successfully unwarped, and included completed runs that demonstrated minimal movement and were reported as "attended to" by the participant. Only one run per participant was included in the group analyses.Figure 2Heartbeat perception functional MRI task for children. Section A displays the visual stimuli that were shown to each participant during each scan condition. Section B presents the approximate pacing of the tones that were presented in the tone and tone inhibition blocks. The rates of tones were individualized to match each participant's mean heart rate recorded immediately prior to their entry into the scanner. The note indicates the tones that were presented during the scan. They were jittered to generally match the frequency of the standard heart rate. Section C presents a sample time course of each scan run. The heartbeat counting, tone counting and tone inhibition blocks were pseudo-randomized throughout the scan run. Each condition was presented four times and was separated by a jittered inter-stimulus-interval of approximately 10 seconds.

MRI analyses {#Sec13}
------------

### Motion analyses {#Sec14}

We regressed out the standard six motion parameters included within the FSL image processing software package^[@CR43]^ and applied "data scrubbing" procedures as described by Power and colleagues using the FSL motion outliers' script during preprocessing^[@CR44]^. During data scrubbing, the union between the root mean squared intensity differences of volume N to volume N + 1 (DVARS; rotation average) and frame displacement (FD; translation parameter differences) were added as additional confound explanatory variables and, thus, were regressed out of our linear model. The cut-off threshold for FD and DVARS was computed automatically using the 75th percentile + 1.5 times the Inter-Quartile Range, as implemented in the fsl_motion_outliers script (supplied with FSL). Additionally, one volume before and two volumes after the union of DVARS and FD were also excluded.

### FMRI data analysis {#Sec15}

Functional imaging data were analyzed and pre-processed using FSL FEAT (FMRI Expert Analysis Tool) Version 6.00. The following preprocessing steps were applied: gradient unwarping of the functional images using the FSL topup tool, motion correction using MCFLIRT, non-brain removal using BET, spatial smoothing using a Gaussian kernel of FWHM 5 mm, grand mean intensity normalization of the entire 4D dataset by a single multiplicative factor, and high-pass temporal filtering (Gaussian-weighted least-squares straight line fitting). Registration to high-resolution structural and standard space images were carried out using FLIRT. Time series statistical analyses were performed using FILM with local autocorrelation correction.

### Individual subject analyses {#Sec16}

Blocks of the heartbeat and the tone detection conditions were convolved with a double gamma hemodynamic response function. Contrasts included heartbeat \> tone, tone \> heartbeat. The optional inhibition condition was not analyzed and reported in this manuscript. A temporal derivative was used to account for voxel-wise differences in the hemodynamic response and temporal filtering was applied. Voxel wise t-statistic maps for each comparison were generated for each participant.

### Random effects {#Sec17}

Random effects were calculated with FSL's FLAME 1 + 2. Z-score converted T/F statistic images were thresholded using clusters determined by Z \> 2.3 and cluster-corrected significance threshold of *p* = 0.05. For each covariate, which included age, sex and BMI, mean-centering was calculated by obtaining the average value across all of our participants and subtracting this average from each participant's value. Brain regions corresponding to activation clusters were converted from MNI space to Talairach x, y and z coordinates and subsequently confirmed on the Talairach atlas.
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